This study presents a mathematical analysis of a hydromagnetic boundary layer flow, heat and mass transfer characteristics on steady twodimensional flow of a micropolar fluid over a stretching sheet embedded in a non-Darcian porous medium with uniform magnetic field in the presence of thermal radiation. The governing system of partial differential equations is first transformed into a system of non-linear ordinary differential equation using the usual similarity transformation. The resulting coupled non-linear ordinary differential equations are then solved using perturbation technique. With the help of graphs, the effects of the various important parameters entering into the problem on the velocity, temperature and concentration fields within the boundary layer are separately discussed. The effects of the pertinent parameters on the wall temperature, wall solutal concentration, skin friction coefficient and the rate of heat and mass transfer are presented numerically in tabular form. The results obtained showed that these parameters have significant influence on the flow.
Introduction
The study of heat and mass transfer has attracted the interest of numerous researchers due to it's application in sciences and engineering problems. Such applications include nuclear reactor, MHD generators, geothermal energy extractions, analyzing the behaviour of exotic lubricant, the flow of colloidal suspension or polymeric fluid and the boundary layer controlling the field of aerodynamics. In nature and industrial applications many transport processes exist where the transfer of heat and mass takes place simultaneously as a result of combined buoyancy effects of thermal diffusion and diffusion of chemical species. In chemical process industries such as food processing and polymer production, the phenomenon of heat and mass transfer is also encountered. Rebhi (2007) studied unsteady natural convection heat and mass transfer of micropolar fluid over a vertical surface with constant heat flux. The governing equations were solved numerically using McCormack's technique and effects of various parameters were investigated on the flow. Vian et al (2003) studied the unsteady boundary layer flow of a micropolar fluid, which started impulsively in motion with a constant velocity from rest near the rear stagnation point of an infinite plane wall. The transformed non-similar boundary-layer equations were solved numerically using a very efficient finite-difference method known as Keller-box method. Eldabe and Ouaf (2006) solved the problem of heat and mass transfer in a hydromagnetic flow of a micropolar fluid past a stretching surface with ohmic heating and viscous dissipation using the Chebyshev finite difference method. Keelson and Desseaux (2001) studied the effect of surface conditions on the flow of a micropolar fluid driven by a porous stretching surface. The governing equations were solved numerically. Sunil et al (2006) studied the effect of rotation on a layer of micropolar ferromagnetic fluid heated from below saturating a porous medium. The resulted non-linear coupled differential equations from the transformation were solved using finite-difference method. Rahman and Sultan (2008) studied the thermal radiation interaction of the boundary layer flow of micropolar fluid past a heated vertical porous plate embedded in a porous medium with variable suction as well as heat flux at the plate. The governing equations were solved numerically by an efficient, iterative, finitedifference method. Mahmoud (2007) investigated thermal radiation effect on magneto hydrodynamic flow of a micropolar fluid over a stretching surface with variable thermal conductivity. The solution was obtained numerically by iterative, Runge-Kuta order-four method. Magdy (2004) studied unsteady free convection flow of an incompressible electrically conducting micropolar fluid, bounded by an infinite vertical plane surface of constant temperature with thermal relaxation including heat sources. The governing equations were solved using Laplace transformation. The inversion of the Laplace transforms was carried out with a numerical method. Chaudhary (2008) investigated the effects of chemical reactions on magneto hydrodynamic micropolar fluid flow past a vertical plate in slip-flow regime. Heat and mass transfer effects on the unsteady flow of a micropolar fluid through a porous medium bounded by a semi-infinite vertical plate in a slip flow regime was studied taking into account a homogeneous chemical reaction of the first order. Finite difference method was used to obtain solution for the governing equations. Mohammed and Abo-Dahah (2009) investigated the effects of chemical reaction and thermal radiation on heat and mass transfer in magneto hydrodynamic micropolar flow over a vertical moving porous plate in a porous medium with heat generation. The solution was obtained numerically by finite-difference method. Bayomi et al (2009) consider magneto hydrodynamic flow of a micropolar fluid along a vertical semi-infinite permeable plate in the presence of wall suction or injection effects and heat generation or absorption. The obtained self-similar equation were solved numerically by an efficient implicit, iterative, infinite-difference method. Reena and Rana (2009) investigated double-diffusive convection in a micropolar fluid layer heated and soluted from below saturating a porous medium. A linear stability analysis theory and normal mode analysis method was used. Mohammed et al (2010) studied magneto hydrodynamic convection with thermal radiation and mass transfer of micropolar fluid through a porous medium occupying a semi-infinite region of the space bounded by an infinite vertical porous plate with constant suction velocity in the presence of chemical reaction, internal heat source, viscous and Darcy's dissipation. The highly non-linear coupled differential equations governing the boundary layer flow, heat and mass transfer were solved using finite difference method.
Heat and mass transfer in a hydromagnetic flow have many applications in science and engineering. This present model have applications in biomedical and engineering. For instance in the dialysis of blood in artificial kidney, flow in oxygenation, e.t.c. Engineering applications include the porous pipe design, design of filter, e.t.c. Motivated by the above previous works and possibly applications, the present paper studies heat and mass transfer in a hydromagnetic flow of a micropolar fluid over a porous medium using Boussineq model in the presence of uniform magnetic field. The transformed non-linear boundary layer equations together with the boundary conditions are solved analytically using perturbation technique.
Mathematical formulation
We consider a steady, two-dimensional mixed convection flow of an incompressible, electrically conducting micropolar fluid over a stretching sheet. The fluid flows towards a surface coinciding with the plane y = 0, the flow region y > 0. The origin is fixed as shown in Fig. 1 . The x-axis is taken in the direction along the sheet and y-axis is taken perpendicular to it. The flow is generated by the action of two equal and opposite forces along the x-axis and the sheet is stretch in such a way that the velocity at any instant is proportional to the distance from the origin (x=0). The flow field is exposed to the influence of an external transverse magnetic field of strength ⃗ B = (0, B 0 , 0). With these assumptions, the continuity equation, momentum equation, angular momentum equation, energy equation and mass diffusion equation governing the flow are:
u∂T ∂x
where u and υ are the velocity components along x and y directions, ρ is the density, T is the temperature of the fluid, C b is the form of drag coefficient which is independent of viscosity and other properties of the fluid but is dependent on geometry of the medium, k is permeably of the porous medium, C p is the specific heat at constant pressure, ν is the kinematic viscosity σ is the electrical conductivity of the fluid, N is the components of micro rotation or angular velocity whose rotation is in the direction of the x-y plane and j, γ and k * 1 are the microinertia per unit mass, spin gradient viscosity and vortex viscosity respectively. The spin gradient viscosity γ, which defines the relationship between the coefficient of viscosity and microinertia are as follows:
is the material parameter. Here all the material constants, γ, µ, k, j are non-negative and we take j = v/b is taken as a reference length. The appropriate physical boundary conditions for the problem under study are given by
where l is the characteristic length, T w is the wall temperature of the fluid and T ∞ is the temperature of the fluid far away from the sheet, C w is the wall concentration of the solute and C ∞ is the concentration of the solute far away from the sheet,
n is a constant such that 0 ≤ n ≤ 1. The case when n = 0, is called strong concentration, which indicates N = 0 near the wall represents concentrated particle flows in which the micro-elements close to the wall surface are unable to rotate [Mathur(1981) ]. The case when n = 1/2 indicates the vanishing of anti-symmetric part of the stress tensor and denotes weak concentrations where as n = 1 is used for modelling of turbulent boundary layer flows [Ahamed (1976)]. It is worth mentioning that k = 0 describes the classical Navier-Stokes equation for a viscous and incompressible fluid. The non-uniform heat source/sink q 111 is given by
where A * and B * are the coefficients of space and temperature -dependent heat source/sink, respectively. The case A * > 0 and B * > 0 corresponds to internal heat generation while A * < 0 and B * < 0 corresponds to internal heat absorption. We use the following similarity variables and dimensionless steam function to transform equation (2) and (3)
Substituting (12) into equation (2) and (3), we have
where α =
is local concentration Grashof number and
µ is material parameter. The appropriate boundary conditions (7) and (9) now become
where n = 1/2. If we take g (η) = − 1 2 f ′′ , then combining (13) and (14), these two will reduce to a single non-linear ordinary differential equation as
subject to the appropriate boundary conditions
Following Rosseland approximation [Brewster(1972) ] radiative heat flux q r is modeled as
where σ * is the Stefan -Boltzman constant and k * is the mean absorption coefficient. Assuming that the difference in temperature within the flow are such that T 4 can be expressed as a linear combination of the temperature. We expand T 4 in Taylor series about T ∞ as follows
Neglecting higher order terms beyond the first degree in (T − T ∞ ), we have
Differentiating equation (18) with respect to y and using (20) we obtain
Substituting equation (21) into equation (4), we have
The thermal boundary conditions for solving (22) depend on the type of heating process considered. Now, the non-dimensional temperature θη) and concentration ϕη) are defined (in PHF case) as
where
Using equation (23) in equation (22), yields
subject to the boundary conditions
Using equation (23) in equation (5), we have
and the corresponding thermal boundary condition is
where N r = 
Method of solution
Equation (16), (26) and (28) are highly coupled non-linear ordinary differential equation and since ε << 1, we assume a perturbation of the form
. Invoking equation (30)-(32) into equation (16), (26) and (28) and neglecting terms of O(ε 3 ) and higher, we acquire the following sets of equations:
Solving equations (33)-(38) with the boundary conditions lead to expressions for velocity, temperature and concentration distributions as follows: 
) ,
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The physical quantities of most interest in science and engineering are the skin-friction coefficient C f , Nusselt number N u and Sherwood number S h which are defined by the following relations:
whereas the skin-friction on the plate τ w is given by
Substituting equation (12) in (42) and using (43), we have
where Re x = U w x/ν is the local Reynolds number. The local Nusselt number is given by
and the local Sherwood number reads 
Results and discussion
The formulation of the hydromagnetic boundary layer flow, heat and mass transfer characteristics on steady two-dimensional flow with uniform magnetic field in the presence of thermal radiation of a micropolar fluid over a porous medium has been performed in the preceding sections. In order to understand the physical situation of the problem and hence the manifestation of the various parameters entering the problem, we have carried out the numerical calculations for distribution of velocity, temperature and concen- the Hartmann number increases, the velocity profile decreases. This is due to the fact that the introduction of transverse magnetic field normal to the flow direction has a tendency to create a drag due to Lorentz force and hence results in retarding the velocity profile. Thus when the Hartmann number increases, the Lorentz force also increases due to decrease of velocity profile. From figure 3. and figure 4 ., it is observed that the effect of increasing the value of the thermal Grashof number Gr and concentration Grashof number Gc is to increase the velocity profile. Figure 5 . illustrates the variation of velocity profile with η for various values of inverse Darcy number. The plot shows that velocity profile decreases with increase in the inverse Darcy number which shows the effect of increasing inverse Darcy number with decrease of the velocity profile. Similar effects are seen in case of increasing inertia coefficient parameter α as shown in figure 6 . Figure 7 . represents the temperature profiles for various values of thermal radiation parameter Nr in the boundary layer. This figure shows that the effect of thermal radiations to enhance heat transfer because of the fact that thermal boundary layer thickness increases with increase in the thermal radiation. Thus it is pointed out that the radiation should be minimized to have the cooling process at a faster rate. Figure 8 . illustrates the variation of temperature profile for various values of Prandtl number. It is seen that the temperature decreases with increasing the values of Prandtl number in the boundary layer. From this it is evident that temperature in the boundary layer falls very quickly for large value of the Prandtl number because of the fact that thickness of the boundary layer decreases with increase in the value of the Prandtl number. Figure 9 . shows the variation of temperature profile with η for various values of inverse Darcy number Da −1 . It depicts that temperature increases with increase in the value of inverse Darcy number which is due to the fact that obstruction on the fluid motion is produced by the presence of porous medium which generates heat and thereby temperature increases in the thermal boundary layer. Figure 10 . shows that temperature increases with increase in the inertia coefficient parameter. In Figure 11 . there is the plot of concentration distribution for various values of Schmidt number in the boundary layer. It is illustrated from the figure that the concentration decreases with increase in the value of Schmidt number. This is due to the fact that increase in Schmidt Table 2 . depicts the numerical values of coefficient of skin friction C f , Nusselt number N u and Sherwood number Sh for different values of Ha, N r and P r. The tabular data shows that Nusselt number and Sherwood number decrease with increasing in Hartmann number. On the other hand, Nusselt number increases as radiation parameter increases while the effect of increasing the value of Prandtl number is to decrease the skin friction coefficient and mass transfer rate but increase heat transfer rate which is in excellent agreement with Dulal and Sewli (2010) and Srinivasachanya and Ramreddy(2011). 
